ABSTRACT. This paper describes an approach to construct an one-and quasi-two dimensional hydraulic model for the complex river network, including various hydraulic structures. The model is based on the numerical solution of the Saint-Venant equations for river branches, the continuity equation for storages, the equation for junction conditions of the confluences, tributaries, the equation for hydraulic structures between rivers and storage cells. Cross sections are modeled as a combination of main and flood plain parts to simulate better the flow pattern. The calculating program has been ~eveloped, validated by test cases, proposed by European big hydraulic research laboratories and then applied to build a hydraulic model for the complicated Red-Thai Binh river network.
Introduction
Free surface flow in a river delta is complicated and is investigated extensively last years. The flow can be simulated by one-or two-dimensional mathematical models [1] [2] [3] , depending on the study purpose. However, two-dimensional models are expensive for large river deltas. In this case, the main technique is to use an one-and quasi-two dimensional approach [3] , which can be rather cheaper both in calculating time and cost.
In the one-and quasi-two dimensional approach the research area is considered as a combination of a river network and storage cells. Storage cells can exchange flow with rivers and with each other through hydraulic structures.
In this paper an approach to construct an one-and quasi-two dimensional linking hydraulic model for the complex river network is presented. The focus is an approach of verifying hydraulic program by various test cases to validate the numerical scheme.
The hydraulic model for the complex Red-Thai Binh river network is constructed, followed flood protection rules of the Government , including the special operational scheme of the Van Coe sluice and the Day dam. The model then is applied to evaluate flood scenarios.
Equations
For a general network there may exist a flow in river network, flow in-or outstorage cells. So one has to deal with three types of equations: partial differential \ equations for a single river branch, ~rdinary differential equations for storage cells and equations for hydraulic structures. Apart from these it is needed to add junction conditions in some location of the network to keep the flow continuity.
Equations for a single river bradch
The free surface flow in a single lhranch of a river network can be described by the so-called Saint-Venant equations [1] [2] [3] under the assumption of a hydrostatic pressure and an uniform distribution of the velocity along the vertical axis.
In practice, the flow in the main fhannel and the flood plain are quite different due to different frictions. So the foll0iwing type of equations are often used: The flow must be conservative, so at confluences or tributaries the sum of all discharges must be zero. At hydraulic structures fl.ow rate is defined by the formula:
where Zu, Zhz are the upstream and downstream water levels and a is characteristic parameter of structures. A structure may be modeled by one of two types: a spillway and a sluice. The discharge, going through a spillway is calculated by [4] 
for non-submerged fl.ow
The discharge through sluices can be determined as follows:
where m, c.p, µ, µ2 are empirical coefficients for the structure; b is the width of the spillway; w is the wet area of the sluice, g is the gravity, Z 0 is the sill level of the structure. Finally the initial and boundary conditions must be added.
Method of solution
To get numerical solutions the considered river network is split into river branches, separated by nodes. A node is a point in the river system where the Saint-Venant equations are not valid. A confluence or tributary or point of a literal discharge is a node. For a hydraulic structure in rivers it is associated with two nodes-upstream and downstream due to different water levels.
If the network consists of storage cells, that make the problem to be quasi-two dimensional, they are nodes also. Therefore structures that link rivers and storage cells have two nodes too.
The numerical method is based on the implicit 4-point Preissmann method [3] for river branches instead of high resolution numerical methods [5] , implicit finite difference scheme for storage cells and linking discharges of hydraulic structures.
Nodes, branches, cross sections, hydraulic structures are numerated naturally from zero. 
where xi ( i = k , .. . , .€) are locations of cross sections.
Using difference scheme for any function f:
where 0 is a time weight number, superscripts n, n + 1 reffer to time steps. Using this from (2.1) , (2.2) we can get algebraic equations for unknowns Zand Q:
Finite difference scheme for the storage equation
Fn+i
for cell k with water level Z, surface area F. QZJ1 denotes the discharge between nodes k and j.
Finite difference scheme for the equation for structures
For the structure with up-and downstream nodes k and f, the finite difference scheme of equation (2.4) takes the form:
Junction conditions
At node k which may be a confluence, a tributary, a literal point or an up-and , down-stream of a structure:
where i, j are cross sections at ends of branches, linking with node k.
Solution algorithm
It is noticed that the number of equations at a node equals to the number of its branches. So together with boundary conditions that often are discharges at up-streams and water levels or discharge-water level relations at down-streams the number of unknowns is equal to the number of equations and is two times of the number of cross sections. Unknowns may be zn+ 1 , Qn+l or AZ = zn+i -zn,
This algebraic system can be solved directly by the Newton method or by its linearized system with respect to point ( zn, Qn) . The program supports both options.
Mathematically, the system can be reduced to an another much smaller system of water levels at nodes. After solving this system, numerical solution for every branch is obtained by solving the system within the branch with water levels boundary conditions at two ends and calculating the discharges through structures. This technique reduces much time to solve the system.
The model also has following features: -The arrangement of calculated sections in a river network can be defined by users. Cross sectional data are interpolated from data of measured sections.
-Reorganizing the input data when a river branch is divided into several smaller ones.
-Boundary conditions are given in the form of discrete non-equal time series. The calculated time interval should be inside time intervals of all boundaries.
Test cases
Verifying the numerical scheme is an important step in constructing models. Let us consider 3 groups of test cases [6, 7] : analytical solutions, various wave types, network components. The first group is used to evaluate the model by analytical solutions. The second group-by simulating dynamic, diffusion and flood wave through larg~ reservoirs. The third group is used to evaluate the model in various topographical data .
. 4.1. Analytical solutions Case 1: Released wave in a rectangular channel Let us consider an uniform flow with velocity U 0 and water depth H 0 in a rectangular channel branch. The channel slope is zero and the friction is neglected. The velocity at the upstream boundary is linearly reducing to zero after time T. This causes a wave, in which at each time moment the water level and discharge are reduced in the direction of reducing x (see Fig. 1 ).
The calculation result with
T max = 1000 s, U 0 = 2 m/s shows that the water level error at the upstream is less than 0.002 m and the water surface error at last moment -less than 0.13 m. These show that the numerical solution approximates to the analytical one. A comparison between analytical and calculated solutions is illustrated in figure 1. Case 2: Steady sub-critical flow in a rectangular channel branch It is used to evaluate the numerical scheme with respect to gradient and friction terms in the steady state. The analytical solution is considered as the numerical solution, getting from the Runge-Kutta method, for the following equation:
where H is the water depth, Q -the discharge, q -the unit discharge, k -the strickler coeffient, R -the hydraulic radius , B -the width, I -the bed slope and g -the gravity.
The calculation is carried out for two cases: Qup = 1000m 3 /s, Hdown = 7m and Hdown = 3 m with different space increments !:1x = 1000 m and !:1x = 100 m for a channel branch with length 18000 m.
The water level error (less than 0.001 m) shows that the presented numerical scheme is appropriate. The result is shown in figure 2.
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-+--Numertcal Sol. The result drawn for locations x = 0 and x = 25000 is presented in figure 5 . It shows that the flow pattern is acceptable in comparison with the results presented in [6, 7] . The result shows that in comparison with the analytical solution presented in [6, 7] , the model has the ability to simulate this wave. The fl.ow pattern is shown in figure 6 . The results show that the water level is higher at the wider cross section and is lower at the narrower cross section. That is a correct flow pattern. Figure 7 illustrates the result for the narrower cross section case. 
The obtained numerical results show the correctness of numerical solutions. The expanding cross sections has th~ same effect as increasing Strickler coefficients and the reducing cross section has the same effect as reducing Strickler coefficients. The result for the reduced cross section and Strickler coefficient is illustrated in figure 8. The calculation is carried out for 5 cases with change of different flow conditions: upstream discharge, downstream water level, cross section.
The conclusion is that the total discharge is always equal to the sum of tributary discharges. This shows that for the 500-year flood it is necessary to operate all flood protection structures such as the Hoa binh reservoir , flood diversion in the Day river and flood retention into Tamthanh, Lapthach, Luongphu areas to ensure that the water level at Hanoi will be less than 14m (less than dyke levels).
Conclusions
It is presented some results in developing linked one-dimensional and quasi-two dimensional hydraulic model based on the using implicit 4-points Preissmann finite difference scheme for river branches, implicit scheme for storage cells and linking discharge through hydraulic structures to study flood problems in the Red-Thai Binh river system. First of all the model has been validated by test cases developed and used in European hydraulic research laboratories.
After validation, the model has been calibrated by using historical collected data in the 1996, 1999, 2000 years. Finally the model is used for experimental evaluation of flood reducing effects of different flood control measures in the Red-Thai Binh river system. This publication is completed with financial support from the research project on flood control in the Red-Thai Binh river system, Ministry of Agriculture and Rural Development, and from the National Basic Research Program in Natural Sciences, Ministry of Science, Technology and Environment.
